Introduction {#S1}
============

DNA is unique amongst all materials because it can be enzymatically replicated. This replication underlies not only the storage of genetic information, but also PCR amplification, which itself enables innumerable biotechnology applications such as cloning, sequencing, and the systematic evolution of ligands by exponential enrichment (SELEX). SELEX is a powerful method for aptamer evolution^[@R1]--[@R3]^, but the practical utility of the aptamers is often limited by their instability in biological solutions due to nuclease-mediated degradation. To circumvent this liability, the addition of methoxy or fluorine substituents to the C2' of the sugar ring (C2'-OMe and C2'-F) has received much attention, as the corresponding oligonucleotides are resistant to nucleases. For example, only two nucleotides of the FDA approved therapeutic aptamer Macugen are unmodified ribonucleotides, the remaining twenty-five are modified with a C2'-OMe or C2'-F moiety^[@R4]^. These modifications have also been shown to underlie or contribute to optimized activities or properties of other therapeutic aptamers^[@R5]--[@R10]^. Their inclusion typically requires the modification of an evolved natural aptamer, because the modified oligonucleotides themselves are not recognized by DNA polymerases and thus are not amenable to the amplification step of the SELEX protocol. Unfortunately, post-selection modification commonly results in loss of activity, and typically the development of active, stable aptamers, if even possible, is a time-consuming process that requires the iterative examination of different substituents at different positions to determine which combination is tolerated.

To circumvent the need for post-selection modification, much effort has been directed toward the discovery of polymerases capable of recognizing nucleotides with modified sugars so that the modified oligonucleotides themselves may be subject to the SELEX process. While 4'-thio-2'-deoxyoligonucleotides may be PCR amplified with some natural polymerases^[@R11]^, and in some cases may also be more stable to nuclease digestion^[@R12]^, more invasive modifications, such as the C2'-OMe or C2'-F substituents, are not tolerated by natural polymerases. Thus, even recent efforts focused on evolving sugar modified aptamers^[@R13]^ or catalysts^[@R14]^ have relied on converting the libraries after selection into natural DNA for amplification, a strategy that appears to have been first employed by Lin, *et al.*^[@R15]^. Thus the amplification of C2'-OMe or C2'-F modified oligonucleotides will likely require polymerase optimization via directed evolution^[@R16]--[@R20]^.

Focusing on the evolution of thermostable DNA polymerases that should be suitable for PCR applications, in 2004 we reported the activity-based selection of several variants of the Stoffel fragment of Taq polymerase (Sf). The most notable of these variants is SFM19, which combines thermal stability with a \~10,000-fold increased ability to extend a primer with C2'-OMe modified nucleotides^[@R16]^. However, SFM19 synthesizes only short stretches of C2'-OMe modified oligonucleotides, and is incapable of the PCR amplification of C2'-modified oligonucleotides, which requires the more challenging synthesis of the modified polymer using a modified template.

The activity-based selection system that yielded SFM19 (see [Fig. 1a and b](#F1){ref-type="fig"} and Xia, *et al.*^[@R21]^) was based on the co-display of a polymerase variant and its modified substrate on phage particles. It employed the pFAB-Sf phagemid, which encodes a pIII-Sf fusion protein, and X30 helper phage, which encodes pIII proteins as N-terminal fusions with an acidic peptide, and production is optimized such that each phage displays \~1 polymerase. An oligonucleotide, which during selection will be used to prime DNA synthesis, is hybridized to an oligonucleotide template and covalently attached to a basic peptide. When combined with phage particles, the basic peptide forms a coiled-coil and disulphide bond with the displayed acidic peptide, and thereby attaches the primer/template oligonucleotide substrate. In this manner, the polymerase and its substrate are covalently linked to the same phage such that intramolecular incorporation of a biotinylated nucleoside triphosphate permits the recovery of phagemids encoding active polymerase mutants. Importantly, the primer and/or template may be designed such that the recognition of a modified nucleotide (in the primer, template, or provided triphosphate) is required prior to biotinylation, and thus the selection system allows for the application of selection pressure for the recognition of the modified substrates. Although we have used this system to evolve Sf variants with a wide variety of unnatural activities^[@R16],[@R21],[@R22]^ its use is labour intensive due to the demands of peptide-DNA conjugate synthesis and purification.

Here, we develop an improved evolution system by optimizing substrate attachment to the phage via the use of an unnatural amino acid and strain-promoted click chemistry, which eliminates the use of the peptide-DNA conjugate, and by augmenting the selection system with a plate based screen, which facilitates the identification of active mutants. The improved system is then used to evolve polymerases that "transcribe" or "reverse transcribe" fully C2'-OMe modified oligonucleotides or which PCR amplify partially C2'-OMe or C2'-F modified oligonucleotides. An analysis of an evolved mutant suggests that the ability to amplify the C2' modified oligonucleotides resulted from stabilizing an interaction between the fingers and thumb domains that favours the formation of the catalytically active closed complex.

Results and Discussion {#S2}
======================

Development of an improved evolution system {#S3}
-------------------------------------------

We first constructed a helper phage (Y30) in which the 5' terminus of a truncated gIII gene encodes a pIII protein with an amber (TAG) stop codon. When *E. coli* SS320 cells are transformed with plasmid pEVOL-pAzF, which encodes a mutant *Methanocaldococcus jannaschii* aminoacyl-tRNA synthetase, the stop codon directs the incorporation of the unnatural amino acid *p*-azidophenylalanine (*p*AzF) when it is supplied to the growth media^[@R23]^. Superinfection of SS320/pEVOL-pAzF harbouring the pFAB-Sf phagemid with Y30 helper phage and growth in media supplemented with *p*AzF was optimized to produce phage particles containing phagemid DNA, and displaying zero to one copy of the encoded pIII-Sf fusion, with the remainder of the pIII proteins containing the N-terminal *p*AzF, which was used to attach a primer/template via strain-promoted click chemistry^[@R24]^ ([Fig. 1a and b](#F1){ref-type="fig"}, see also [Supplementary Fig. 1, Supplementary Tables 1 and 2, and Supplementary Methods](#SD1){ref-type="supplementary-material"}).

To supplement the phage-based selection system and to increase the efficiency of single clone identification, we also developed a plate-based method to screen members of the enriched libraries for activity ([Fig. 1a and b](#F1){ref-type="fig"}, [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The screen employs DNA binding 96-well microplates with an *N*-oxysuccinimide (NOS) decorated surface, which can be used to immobilize 5'-amine modified primer/templates. Lysates obtained from heat-treating cells transformed with library genes subcloned into pET-23b(+) are added to the wells, and activity is detected after incorporation of biotin-UTP using horseradish peroxidase (HRP)-streptavidin conjugate.

Evolution of SFM19 for increased recognition of C2'-modified substrates {#S4}
-----------------------------------------------------------------------

SFM19 was selected from a library in which only the region proximal to the incoming triphosphate was diversified, and selection pressure was only applied for the incorporation of three modified nucleotides^[@R16]^, thus accounting for its ability to synthesize only short stretches of C2'-OMe modified oligonucleotides. For example, SFM19 was only able to extend a natural DNA primer by five to six C2'-OMe nucleotides and was unable to extend a fully C2'-OMe modified primer. To further optimize SFM19, we subjected it to iterative rounds of more general diversification and selection for more processive synthesis, including selection with both modified triphosphates and templates. These selections employed C2'-OMe substrates, as they are generally more challenging to recognize than their C2'-F counterparts^[@R25]^, and we expected that any evolved mutants might recognize both C2'-OMe and C2'-F modifications.

For the first two rounds of evolution, PCR mutagenesis was used to create polymerase genes with 1 to 5 mutations, and display on X30 phage resulted in libraries with 10^11^--10^12^ members. In the first round, selection pressure was applied for the efficient incorporation of a single C2'-OMe-CTP, and 800 members of the enriched library were subjected to the screen. After confirmation that fidelity had not been compromised ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}), two mutants, SFM1-5 and SFM1-33 ([Table 1](#T1){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"},[Supplementary Table 3](#SD1){ref-type="supplementary-material"}), were progressed to the second round, in which the incorporation of one C2'-OMe-CTP, one C2'-OMe-ATP, and two C2'-OMe-GTPs were required for biotinylation. One thousand members of this enriched library were then screened for activity with the most promising candidates assayed individually for fidelity ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}), resulting in four mutants for further progression: SFM2-47, SFM2-51, SFM2-56, and SFM2-74 ([Table 1](#T1){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

The library for the third round of evolution was created by a combination of gene shuffling the second round progeny and saturation mutagenesis at E742 and M747, sites at which mutations have been shown to bestow Taq with reverse transcriptase activity^[@R26]^. Selection for the third round of evolution was performed via display on X30 phage and selection for primer extension via the incorporation of one C2'-OMe-ATP and two C2'-OMe-GTPs after incorporation of dCTP opposite a C2'-OMe-G in the template, followed by display of the enriched library on Y30 phage and repeating the selection. Finally, one thousand members of the twice-enriched library were subjected to the screening assay, and after gel-based analysis of transcription, reverse transcription, and fidelity ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}), five mutants were identified: SFM3-2, SFM3-5, SFM3-6, SFM3-14, and SFM3-16 ([Table 1](#T1){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

The library for the fourth and final round of evolution was created by gene shuffling the third round progeny and saturation mutagenesis at residue Y545, which structural data suggested may interact with the primer terminus^[@R27]^, followed by screening 500 members for both transcription and reverse transcription activity. An examination of activity and fidelity ([Supplementary Fig. 5 and Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}) identified three promising mutants: SFM4-3, SFM4-6, and SFM4-9 ([Table 1](#T1){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

Characterization of evolved polymerases {#S5}
---------------------------------------

The most promising reverse transcription activity was observed with SFM4-9, which can reverse-transcribe a full-length, fully C2'-OMe-modified template into a DNA product ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). To more rigorously gauge the evolved activity, we characterized the ability of SFM4-9 and the parental polymerase SFM19 to extend a DNA primer by incorporation of a single dCTP opposite a C2'-OMe-G in a template ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}). Under the steady-state conditions employed, SFM19 incorporated the nucleotide with a second order rate constant (*k*~cat~/*K*~M~) of 2.4 × 10^4^ M^−1^min^−1^ (*k*~cat~= 3.3 min^−1^ and *K*~M~ = 137 µM). SFM4-9 catalysed the same insertion with a second order rate constant of 3.5 × 10^6^ M^−1^min-1 (*k*~cat~ = 3.1 min^−1^ and *K*~M~ = 0.9 µM). Thus, the efficiency of the evolved enzyme is greater than 100-fold that of its parent, and this improvement is entirely due to an increase in triphosphate binding. To characterize the fidelity of this reverse transcription, SFM4-9 was used to reverse transcribe a chemically synthesized C2'-OMe 60-mer template into DNA, which was then PCR amplified by Q5 DNA polymerase. Cloning and sequencing of the product revealed that the error rate of SFM4-9-mediated reverse transcription is less than 1.7 × 10^−3^ ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). This error rate compares favourably with those previously reported for other polymerases selected or evolved to reverse transcribe sugar modified oligonucleotides^[@R20]^.

While each enzyme transcribes full-length, fully C2'-OMe-modified oligonucleotides ([Fig. 3a](#F3){ref-type="fig"}), the greatest activity was observed with SFM4-6. To more rigorously gauge the extent of this evolved activity, we characterized the ability of SFM4-6 to extend a fully C2'-OMe modified primer by insertion of C2'-OMe-CTP opposite dG in a template under steady state conditions ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}). SFM19 was again characterized for comparison. As expected due the use of a fully C2'-OMe modified primer, no activity was observed with SFM19. However, SFM4-6 catalysed extension of the modified primer with a second order rate constant of 7.3 × 10^3^ M^−1^min-1 (*k*~cat~ = 0.8 min^−1^ and *K*~M~ = 103 µM). To characterize the fidelity of this transcription, SFM4-6 was used to transcribe a DNA template into its fully C2'-OMe modified complementary strand, which was then incubated with Turbo DNase, to remove template, and then reverse transcribed back into DNA using SFM4-9. The resulting DNA product was amplified by Q5 DNA polymerase, cloned, and sequenced, which revealed that the combined fidelity of SFM4-6-mediated transcription and SFM4-9-mediated reverse transcription is \~ 3.8 × 10^−2^, which allows us to estimate an error rate of SFM4-6 transcription of \~3.6 × 10^−2^ ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). While somewhat less than the fidelity of SFM4-9-mediated reverse transcription, this fidelity is still comparable to those previously reported for other polymerases selected or evolved to transcribe sugar modified oligonucleotides^[@R20]^, and is likely sufficient for practical applications. Incubation with Turbo DNase or 10% fetal bovine serum (FBS) confirmed the stability of the transcribed oligonucleotides ([Fig. 3b,c](#F3){ref-type="fig"} and [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}).

PCR amplification of C2'-modified oligonucleotides {#S6}
--------------------------------------------------

We next explored the ability of SFM4-3, SFM4-6 and SFM4-9 to PCR amplify C2'-OMe oligonucleotides. While each polymerase can interconvert natural and fully C2'-OMe oligonucleotides, further characterization demonstrated that under the conditions required for PCR amplification, sequential replacement of each modified nucleotide with its natural counterpart resulted in increasing efficiency, and we found that SFM4-3 with C2'-OMe-ATP was the most efficient (see [Supplementary Figs. 9--11](#SD1){ref-type="supplementary-material"}). To further characterize the SFM4-3 amplification of oligonucleotides containing C2'-OMe-A, a biotinylated DNA template was amplified, and streptavidin gel shift revealed a significant amount of amplified (unshifted) product (see [Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). To determine the fidelity of amplification, the reaction was repeated, the biotinylated template was removed with streptavidin-coated beads, and an aliquot of the amplified product was first converted back into DNA via PCR amplification with SFM4-3 and natural triphosphates, and then cloned and sequenced. When combined with the level of amplification, this allowed us to determine that the error rate is less than 1.7 × 10^−2^ nucleotide^−1^ cycle^−1^ (see [Supplementary Methods](#SD1){ref-type="supplementary-material"} for details). While reasonable for many practical applications, this error rate is somewhat increased relative to that for the wild type protein with fully natural substrates, which is \~2.8 × 10^−4^ nucleotide^−1^ cycle^−1\ [@R28]^.

We next explored the PCR amplification of C2'-F-modified oligonucleotides. Initial experiments suggested that PCR amplification was very efficient when any pair of the four natural triphosphates was replaced with the corresponding C2'-F analogues ([Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}). A biotinylated template was amplified with SFM4-3 and C2'-F-dATP, C2'-F-dGTP, dTTP, and dCTP, and streptavidin gel shift revealed that virtually all of the product was unshifted and thus resulted from very efficient amplification ([Fig. 4a](#F4){ref-type="fig"}). Fidelity analysis, as described above, allowed us to estimate that the error rate is less than 2.8 × 10^−3^ nucleotide^−1^ cycle^−1^ (see [Supplementary Methods](#SD1){ref-type="supplementary-material"} for details), which is only 10-fold less than that reported for Taq polymerase with natural substrates^[@R28]^. Importantly, the conditions used to amplify both the C2'-OMe and C2'-F oligonucleotides are standard and not forcing (see [Supplementary Methods](#SD1){ref-type="supplementary-material"} for details), and thus the data reveal that the amplifications, especially of the C2'-F oligonucleotides, are both relatively efficient and high fidelity. Incubation in 5% FBS confirmed the increased stability of the partially modified amplification products ([Fig. 4b](#F4){ref-type="fig"}).

Finally, we explored the mechanism by which SFM4-3 acquired the ability to amplify the modified oligonucleotides. When considering the potentially adaptive mutations, position 681 was immediately interesting ([Fig. 2](#F2){ref-type="fig"}). A Glu to Val mutation was selected in the first round of evolution (SFM1-5) in response to transcription pressure, and similar mutations at this site have been observed in several Taq polymerase mutants that have improved salt tolerance or modified triphosphate recognition^[@R29]--[@R31]^. The E681V mutation was retained in all selected mutants until the third or fourth round where pressure was applied for both increased transcription and reverse transcription activity, and SFM4-3 and SFM4-6 both acquired the Val to Lys mutation ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Interestingly, residue 681 is located in the fingers domain, and based on structural data^[@R32]^, it is \~8 Å from residue E520 of the thumb domain ([Fig. 2](#F2){ref-type="fig"}), and mutations of E520 to a neutral residue have also been found to confer Taq polymerase with reverse transcriptase activity or an altered substrate tolerance^[@R26],[@R33]^. Thus, we hypothesized that the increased activity results from reducing electrostatic repulsion between the finger and thumb domains, and eventually stabilizing their interaction via a salt bridge. To test this hypothesis, we constructed the SFM4-3 (K681E, E520K) double mutant in which the potentially interacting residues are exchanged, as this mutant should only retain activity if the mutations act by forming a salt bridge. The efficient PCR amplification of a C2'-F-A/G oligonucleotide by the double mutant clearly reveals the retention of activity ([Fig. 4a](#F4){ref-type="fig"}). A stabilized interaction between the fingers and thumb domains likely facilitates formation of the catalytically competent closed complex. Interestingly, antiterminators, which function to increase the processivity of RNA polymerases appear to act by a similar mechanism^[@R34]^.

Conclusion {#S7}
==========

The ability of SFM4-6 and SFM4-9, respectively, to transcribe and reverse transcribe fully C2'-OMe modified oligonucleotides with reasonable efficiency and fidelity should find immediate use, especially because the secondary structures of these modified oligonucleotides have higher stability, and the ability to run reactions at higher temperatures should preclude this from limiting product formation or from introducing sequence biases. Most importantly, SFM4-3 is the first polymerase with the demonstrated ability to PCR amplify any C2'-modified oligonucleotides, and the mechanism by which the activity was evolved, the stabilization of an interaction between the thumb and fingers domain, may be general and thus useful for the optimization of other polymerases. Regardless, based on the increased stability in biological solutions of these modified oligonucleotides, SFM4-3 should find immediate application as part of efforts to develop modified aptamers for diagnostic or therapeutic applications.

Methods {#S8}
=======

Phage construction {#S9}
------------------

The X30 helper phage was constructed in a previous work^[@R21]^. The Y30 helper phage was constructed by fusing the 5' terminus of the truncated gIII gene with DNA encoding the pIII extension GAXGGSGGSGGSGGS, where X is pAzF.

SF library construction {#S10}
-----------------------

Libraries for the first and second rounds of evolution were constructed by standard error-prone PCR methodology using MnCl~2~ (0 mM or 0.05 mM). The resulting two libraries had 0\~3 or 3\~5 amino acid mutations per gene, and were mixed and subjected to the polymerase evolution system described in [Fig. 1](#F1){ref-type="fig"}. For the third and fourth rounds of evolution, DNA shuffling conducted via staggered extension process (StEP) and site saturation mutagenesis using codon-degenerated oligonucleotides were combined to generate the libraries. All PCR products were digested with *Sfi*I and *Not*I, and inserted into the similarly digested phagemid pFAB-Sf to replace the wild type Sf gene.

Phage selection {#S11}
---------------

The ligation products from construction of the pFAB-Sf library were directly electroporated into *E. coli* SS320 or SS320/pEVOL-pAzF, and the library was displayed on X30 or Y30 phage as described in the [Supplementary Information](#SD1){ref-type="supplementary-material"}. After attaching the primer/template substrate onto X30 or Y30 phage and purifying the phage via PEG/NaCl precipitation, substrate-attached phage particles (\~1×10^11^ CFU) were mixed with C2'-OMe-modified or natural dNTPs (50 µM; TriLink BioTechnologies or New England Biolabs), and biotin-UTP or biotin-dUTP (2 µM; TriLink BioTechnologies) in 1× Sf reaction buffer, and incubated at 50 °C for 10 min. After extension, the reaction was quenched by addition of 1/5 volume 0.5 M EDTA (pH 8.5). The phage particles with primer extended and biotin-UTP incorporated were then captured with streptavidin beads, washed, and cleaved off the beads by DNase I treatment. The enriched phage particles were directly used to infect *E coli* XL-Blue/MRF' cells (log phase), and then plated onto LB/agar supplemented with spectinomycin to recover the pFAB-Sf phagemid library. After an overnight growth at 37 °C, colonies were scraped from the agar surface, and the phagemid pFAB-Sf library was recovered by spin column (ZR Plasmid Miniprep, Zymo Research).

96-well plate screening {#S12}
-----------------------

The post-selection Sf libraries were excised from the phagemids extracted after phage selection with *Sfi*I and *Not*I, subcloned into a modified pET-23b(+) plasmid^[@R21]^ (for details, see [Supplementary Methods](#SD1){ref-type="supplementary-material"}), and transformed into BL21(DE3)/ pLysS cells. Single colonies were grown in 96-well deep-well plates, and induced with 0.4 mM ITPG at log phase. After 6 h, the cells were pelleted, lysed with 1× Bugbuster (Novagen), and heat-treated to remove most of the cellular proteins. The heat-purified polymerases were then directly used for activity screening. Amine-binding 96-well plates (Corning) were coated with amine-primer/template complex, washed and blocked with BSA. The extension buffer containing the desired C2'-OMe-modified or natural dNTPs, as well as biotin-UTP, was then added into the wells and mixed with the heat-purified polymerases. The plates were then incubated at 50 °C for varying amounts of time (1--60 min). After primer extension, the incorporated biotin-UTP was detected with horseradish peroxidase (HRP)-streptavidin binding and chromogenic reaction catalysed by HRP.

General primer extension and gel characterization of the mutants {#S13}
----------------------------------------------------------------

C2'-OMe-DNA or natural DNA primers were radiolabeled with \[γ-^32^P\] ATP (PerkinElmer) using T4 polynucleotide kinase (New England Biolabs), and purified with the Qiaquick nucleotide removal kit (Qiagen). Radiolabeled primer (100 nM) was mixed with template (200 nM) in 2 × Sf reaction buffer (or other defined buffers), and annealed by heating to 95 °C and slowly cooling to room temperature. The annealing product was then mixed with ½ volume of C2'-OMe-NTPs and/or dNTPs mixture of defined concentrations, as well as other defined components (see [Supplementary Information](#SD1){ref-type="supplementary-material"} for details), and ½ volume diluted heat-purified cell lysate or column-purified enzymes. The extension reaction was incubated at defined temperatures and times, and quenched by the addition of 2 volumes of quenching/gel loading buffer (95% formamide, 18 mM EDTA, SDS, xylene cyanol and bromophenol blue). The quenched reactions were heated to 95 °C for 5 min, and then analysed using denaturing PAGE (15% acrylamide, 8 M urea).

PCR with C2'-OMe-NTPs or C2'-F-NTPs {#S14}
-----------------------------------

PCR with C2'-OMe-NTPs or C2'-F-dNTPs was performed using modified standard PCR conditions with an enhanced extension time and lower extension temperature. For a typical PCR with C2'-modified-dNTPs, the following program was applied: 94 °C for 2 min; 15--40 cycles of 94 °C for 30 s, 49 °C for 1 min, 50 °C for 20 min; 50 °C for 2 h. Reactions contained 0.2--3 µM polymerase, 0.5--1.25 mM C2'-modified or natural dNTPs, 1.5--3.5 mM MgCl~2~, and 0--1 mM MnCl~2~. The product fraction containing original template was followed using a biotinylated template. After PCR, purified products were mixed with excess streptavidin and incubated at 37 °C for 30 min. All PCR products were analysed using 6% or 8% PAGE.

Serum stability test of C2'-modified products {#S15}
---------------------------------------------

The C2'-OMe-transcription product or the C2'-F-PCR product were incubated with 10% or 5% fetal bovine serum (FBS) at 37 °C. Aliquots were removed and quenched with 20 mM EDTA at defined time points and then frozen. All samples were analysed using 15% denaturing PAGE containing 8 M urea or 8% native PAGE.
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![Preparation of phage particles and their use in the polymerase evolution system\
**a**, Attachment of substrates. X30 Phage: Substrates are attached via a fusion between phage pIII and an acidic peptide, which forms a coiled-coil and disulphide bond with a basic peptide-DNA primer/template conjugate; maleimidocaproic acid (2-nitro-4-sulfo) phenyl ester (red sphere) is used to couple the DNA to the basic peptide. Y30 Phage: Phage pIII protein is expressed with an N-terminal *p*AzF residue (indicated by an azide), which is then used to attach cycloalkyne--primer/template substrates (indicated by an alkyne) via a strain-promoted click reaction. **b**, Overview of the evolution process: ***i***, Libraries displayed on X30 or Y30 phage with primer/template complexes attached as described in **a** are subjected to enrichment for active members via phage selection, in which phage are mixed with natural or modified dATP, dCTP, dGTP, and biotin (B)-labelled UTP to extend the primer, and ***ii***, phage displaying active Sf mutants are isolated with streptavidin (SA) beads. After washing to remove non-specific binders, the phage are cleaved from the beads using DNase I and used to re-infect *E. coli* XL1-Blue to recover phagemids. ***iii***, Heat-treated lysates of *E. coli* expressing the recovered Sf mutants are next subjected to plate-based screening using amine-binding 96-well plates (Corning) coated with amine-primer/template complex and extension buffer containing natural or modified dATP, dCTP, dGTP, and biotin-UTP. After incubation at 50 °C, the incorporated biotin-UTP tags are detected chromogenically using horseradish peroxidase (HRP)-streptavidin and *o*-phenylenediamine/H~2~O~2~. ***iv***, Mutants giving rise to the most activity are selected for individual gel-based analysis, from which ***v***, promising candidates are selected for further diversification (for example by gene shuffling, as shown), and then subjected to additional rounds of evolution.](nihms766025f1){#F1}

![Distribution of Mutations Selected in Evolved Polymerases\
Mutation sites have been coloured by their representation among evolved polymerases. Mutation sites shared by SFM4-3, SFM4-6, and SFM4-9 (red); sites shared by SFM4-3 and SFM4-9 (yellow); and sites unique to SFM4-3 (blue) or SFM4-9 (purple). Also highlighted are the primer strand (orange) and the template strand (pale blue). Residue labels correspond to the wild type Sf protein. (PDB ID: 3KTQ)](nihms766025f2){#F2}

![Characterization of evolved polymerases and the nuclease stability of their transcribed products\
**a**, Transcription of fully C2'-OMe-modified oligonucleotides in the presence of all four C2'-OMe NTPs and different polymerases. No transcription is observed in the no polymerase control (lane 1) or when wild-type Sf is used (lane 2), and the parent SFM19 shows only slight extension (lane 3). In contrast, each of the mutants SFM4-3 (lane 4), SFM4-6 (lane 5), and SFM4-9 (lane 6) synthesizes the fully modified, full-length 60-mer C2'-OMe-DNA product. **b**, C2'-OMe-DNA resistance to Turbo DNase. A C2'-OMe DNA product synthesized by SFM4-6 using a C2'-OMe primer (lane 1) showed no degradation following incubation with Turbo DNase (compare lane 2, C2'-OMe-DNA product incubated in the absence of DNase, with lane 3 showing the same C2'-OMe-DNA treated with DNase). In contrast, a DNA product synthesized by Taq DNA polymerase using a DNA primer (lane 4) and treated analogously with DNase was completely degraded (compare lane 5, DNA product incubated in the absence of DNase, with lane 6 showing the same DNA treated with DNase) **c**, Stability of C2'-OMe oligonucleotide transcribed by SFM4-6 in 10% FBS. Natural DNA was rapidly degraded by serum enzymes, while a C2'-OMe-DNA product persisted with no degradation over 4 h. Data shown is the average ± s.d. of three, independent determinations.](nihms766025f3){#F3}

![Characterization of SFM4-3-mediated amplification of C2'-F oligonucleotides and analysis of the stability of the resulting PCR products\
**a**, Native PAGE analysis of PCR products obtained from a biotinylated DNA template in the presence of C2'-F-dATP, C2'-F-dGTP, dCTP, and dTTP, by different polymerases, without and with incubation with streptavidin (SA) (Lane M: low molecular weight marker (NEB)). Neither wild type Sf nor the parent mutant SFM19 produces any observable product. In contrast, the evolved mutant SFM4-3 and its derivative SFM4-3 (K681E, E520K) each produce a substantial amount of C2'-F-modified product (amplification product band, ***p***), and only a small amount of the heteroduplex of DNA template and synthesized product strand (heteroduplex band, ***h***) is observed. **b**, Stability of C2'-F-modified DNA product from SFM4-3 amplification in 5% FBS. Natural DNA (dNTPs) was rapidly degraded in the presence of FBS, while C2'-F-modified DNA products containing C2'-F-dA and C2'-F-dC (C2'-F AC), or C2'-F-dA and C2'-F-dG (C2'-F AG) exhibited significantly higher stability. Data shown is the average ± s.d. of three, independent determinations.](nihms766025f4){#F4}

###### 

Polymerase mutants.

  Polymerase   Mutations
  ------------ ---------------------------------------------------------------
  SFM19        SF WT: I614E, E615G
  SFM1-5       SFM19: E295G, E681V
  SFM1-33      SFM19: V607A
  SFM2-47      SFM19: N415Y, N583S, E681V
  SFM2-51      SFM19: D655N, L657M, E681V
  SFM2-56      SFM19: R651W, E681V
  SFM2-74      SFM19: E295G, V518A, E681V
  SFM3-2       SFM19: N415Y, N583S, D655N, L657M, E681V, E742A, M747Q, E774K
  SFM3-5       SFM19: V518A, N583S, D655N, E681V, E742Q, M747R
  SFM3-6       SFM19: E295G, V518A, Y545H, D655N, L657M, E681V, E742Y, M747A
  SFM3-14      SFM19: N415Y, N583S, D655N, L657M, E681V, E742M, M747R
  SFM3-16      SFM19: N415Y, N583S, D655N, L657M, E681V, E742N, M747R, K793N
  SFM4-3       SFM19: V518A, N583S, D655N, E681K, E742Q, M747R
  SFM4-6       SFM19: D655N, L657M, E681K, E742N, M747R
  SFM4-9       SFM19: N415Y, V518A, D655N, L657M, E681V, E742N, M747R
